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I-  IU2Q3USIIU 

Since  the  speed  of  light  is  modified  by  the  index  of 
refraction  in  a  dielectric,  it  is  possible  for  relativistic 
electrons  to  have  a  velocity  which  actually  exceeds  that  of 
light  in  the  aediua.  In  this  circumstance  a  phenomenon 
known  as  Cerenkov  radiation  arises.  This  radiation  appears 
in  a  cone,  around  the  direction  of  motion  of  the  electrons, 
defined  by  the  Cerenkov  angle. 


8  a  COS 
C 


(c/nv)  , 


(egn  1.1) 


where  c  is  the  speed  of  light  in  a  vacuum,  n  is  the  index  of 
refraction,  and  v  is  the  velocity  of  the  electrons.  This 
radiation  is  analogous  to  acoustic  shock  waves  in  air. 

F.  R.  Buskirk  and  J.  B.  Neighbours  (Ref.  1]  calculated 
the  power  of  Cerenkov  radiation  for  the  case  where  the  elec¬ 
trons  are  bunched  and  the  dielectric  medium  is  of  finite 
length.  The  experiments  described  in  this  thesis  were 
designed  to  check  those  theoretical  calculations. 

Figure  1.1  depicts  the  pertinent  physical  relationships 
for  this  situation.  See  Table  I  for  definitions  of  the 
variables.  The  first  step  in  the  theoretical  derivation  was 
to  calculate  the  vector  potential  A  and  the  scalar  poten¬ 
tial,  ,  at  a  field  point  r  resulting  from  an  element  of 
charge  at  a  location  within  the  electron  bunch.  A  key 
factor  in  the  analysis  is  that  the  current  and  charge  densi¬ 
ties  which  appear  in  the  expressions  for  the  potentials  are 
periodic  and  may  be  expressed  as  Fourier  series.  Therefore, 
the  potentials  themselves  may  also  be  expressed  as  Fourier 
series,  with  Fourier  coefficients  rspresenting  the  frequency 
components. 


It  is  convenient  to  carry  out  the  rest  of  the  analysis 
in  terms  of  the  Fourier  coefficients.  The  electric  and 
magnetic  field  components  are  obtained  from  the  potentials, 
and  these,  in  turn,  ar9  used  to  find  the  frequency  compo¬ 
nents  of  the  average  radiated  power.  An  important  assump¬ 
tion  inherent  in  the -procedure,  which  may  directly  affect 
experimental  validity,  is  that  the  field  point  is  assumed  to 
be  far  from  the  source  region.  For  details  of  the  entire 
analysis,  see  [Ref.  2J. 

A  principal  result  of  [Ref. ‘2]  is  slightly  recast,  in 
[Ref.  33  as  the  following  expression  for  the  power  per  unit 
solid  angle  at  a  given  frequency, 

W(v,n)  =»  —  L2V2V  2  sin2e  |p*(k)  |2  I2(u)  ,  (eqn  1.2) 

with  the  parameters  defined  as  follows: 

u  ■  ~  (cos0  -  cos 9)  ,  (~g£  1 ,3) 

2  C 


I(u) 


sin  u 
u 


f 


(eqn  1.4) 


(eqn  1.5) 


Refer  to  figure  1.1  and  table  I  for  clarification  of  these 
parameters. 

The  frequencies  appearing  in  equation  1.2  are  harmonics 
of  the  electron  bunch  frequency,  which  is  a  constant  (V0 )  • 
Thus,  writing  (y>  )  as  (  j  \)0  )  ,  and  using  a  one-dimensional 


TABLE  I 

Variable  Definitions 

J 

s  J  !  * 

current  density 

1 

*  2/v,  * 

bunch  spacing 

V* 

3 

bunch  frequency 

V 

3 

bunch  velocity 

k 

3 

power  propagation  direction 

n 

S 

unit  vector  in  the  k  direction 

L 

3 

length  of  finite  eoission  region 

& 

3 

vector  potential 

£ 

3 

position  vector  of  field  point  j 

r* 

3 

position  vector  of  source  point  j 

3 

Gaussian  distribution  of  longitudi  .j 

?• 

bunch  (charge)  distribution 

b 

3 

paraaeter  for  the  charge  distribution 

E 

3 

electric  field  vector 

1 

3 

aagnetic  field  vector 

L 

Gaussian  distribution  to  describe  the  longitudinal  bunch 
diaension,  a  relatively  siaple  Cerenkov  radiation  power 
function  is  given  by  equation  1.6  (equations  9  and  10  of 
CBef.  3]  ) .  This  is  the  expression  which  was  used  to 

coapare  theoretical  to  experiaental  results. 


p  .  (6) 


2yUo  q  j2  2  .2 r.  (  sin  uY 

-  l  sin  0  - 


/  2  2' 
'  -k  b 
z 


|,(eqn  1.6) 


Note  that  the  radiation  function  varies  with  the  square 
of  the  harmonic  number,  the  length  L  of  the  emission  region, 
and  the  angle  at  which  the  radiation  is  being  observed. 
Note  also  the  interference  factor,  similar  to  what  might  be 
experienced  with  optical  radiation,  and  the  way  in  which  the 
bunch  dimension,  b,  appears  in  the  expression.  The  length 
of  the  emission  region  and  the  angle  appear  not  only 
directly,  but  also  through  the  factor  u  (see  equation  1.3). 

The  results  of  this  simple  equation  are  quite  inter¬ 
esting.  Due  to  the  finite  size  of  the  emission  region, 
radiation  no  longer  appears  only  at  the  Cerenkov  angle,  but 
throughout  a  range  of  angles  determined  by  the  (sin  u)/u 
factor.  Figure  1.2  shows  how  the  radiation  is  spread  for 
three  different  sizes  of  emission  region.  For  a  given 
harmonic,  smaller  emission  regions  cause  greater  spread,  or 
diffraction  of  the  radiation.  The  power  is  distributed  to 
varying  degrees  among  the  different  harmonics  also,  as 
depicted  by  figure  1.3.  Higher  harmonics  have  larger  peak 
powers,  and  are  peaked  at  a  smaller  angle  than  are  lower 
harmonics. 

For  this  experiment,  the  microwave  portion  of  the  spec¬ 
trum  was  investigated,  and  the  dielectric  medium  for  the 
electron  path  was  chosen  to  be  air.  The  electrons  were 
accelerated  to  relativistic  velocities  by  the  Naval 
Postgraduate  School  LINAC,  which  produces  electrons  with 
energies  of  approximately  100  Mev.  For  the  theoretical 
calculations,  a  Fortran  program  (see  appendix  A)  was  used  to 
calculate  the  power  as  a  function  of  angle  from  equation 
1.6.  Variants  of  this  program  (appendices  B  and  C)  were 
used  to  superimpose  data  points  over  the  theoretical  curves. 

The  experimental  apparatus  and  procedures  are  described 
in  detail  in  the  next  chapter. 


1 1 


II-  SK1SI5SII 


1.  BASIC  EXPBBIBEBTAL  DESIGN 

The  purpose  of  this  experiment  was  to  aeasure  the  power 
froa  Cerenkov  radiation  as  a  function  of  angle,  in  order  to 
coapare  it  with  theoretical  curves  such  as  those  depicted  in 
figures  1.2  and  1.3.  The  basic  design  for  this  experiment 
is  shown  in  figure  2.1.  Photographs  of  the  experimental 
apparatus  are  presented  in  Appendix  D.  The  electron  bunches 
exit  the  Linac  aperture  and  eait  Cerenkov  radiation  until 
they  reach  the  aluainua  mirror.  This  mirror  allows  the 
electrons  to  pass  and  proceed  into  the  beam  dump,  while  the 
aicrowave  radiation  of  interest  is  reflected  into  the 
detector  area.  The  airror  therefore  performs  the  function, 
reguired  by  theory,  that  the  radiation  be  emitted  over  a 
finite  distance.  The  detector  is  mounted  on  a  pivot  arm, 
which  is  placed  such  that  the  detector  is  always  pointed  at 
the  virtual  canter  of  the  emission  region.  The  pivot  arm 
also  fixes  the  distance  froa  the  center  of  the  emission 
region  to  the  detector,  so  that  the  distance  over  which  the 
radiation  travels  is  eliainated  as  a  variable. 

Vith  this  experiaental  setup,  the  basic  experimental 
procedure  was  to  sweep  the  detector  over  the  angular  range 
of  interest  using  a  saall  motor  in  the  detector  mount.  The 
signal  picked  up  by  the  detector  was  transmitted  to  the 
observer  station,  where  it  was  fed  into  an  amplifier  and 
then  into  both  an  oscilloscope  and  a  pulse  height  analyzer. 
The  oscilloscope  allowed  a  gross  measure  of  power,  while  the 
frequency  distribution  aeasured  by  the  pulse  height  analyzer 
gave  a  more  precise  value.  The  end  result  of  this  procedure 
was  tabular  data  in  the  fora  of  signal  versus  angle. 
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Figure  2.1  Expedient  al  Design. 

This  brief  overview  of  the  experimental  design  is  ampli- 
fied  in  the  next  section  with  a  aore  detailed  look  at 
various  eleaents  of  the  experimental  apparatus. 

B.  EXPBBIHBVTJa  APPIB1T0S 

In  this  section,  the  components  of  the  experiaental 
apparatus  will  be  exaainad,  in  order  to  provide  a  precise 
understanding  of  'n  experiment.  The  various  components  of 
the  signal  trajj  1  be  reviewed  ia  order,  from  the  origi¬ 
nating  device  -  T.INAC)  to  the  final  detection  and 

analysis  coapone 


The  salient  features  of  the  LINAC  are  listed  in 
table  II.  These  paraaeters  are  the  saae  as  those  calculated 
by  A.  Saglaa  in  prior  thesis  work  with  the  LINAC  at  the 


TABLE  II 

LINAC  Parameters  1 

1 

I  Bunch  Frequency: 

1 

2.855  GHz 

[  Bunch  Telocity: 

2.9978  86E08  m/s 

I  Bunch  Size  Parameter: 

0.24  cm 

Electron  Energy: 

100  Sev 

10.5  cm 

Bunch  spacing: 

Naval  Postgraduate  School  [  Hef .  4].  These  parameters  also 
meet  those  chosen  in  fEef.  3]  which  gives  the  theoretical 
curves  for  Cerenkov  radiation.  The  LINAC  provided  fairly 
consistent  signals  for  the  experiments  which  are  reported 
here.  However,  the  signal  eventually  developed  instabili¬ 
ties  which  precluded  further  experiments.  That  is,  it 
became  impossible  to  distinguish  between  signal  variation 
due  to  the  LINAC  and  that  due  to  variation  in  the  angle  of 
detection.  It  may  be  that  some  of  the  experimental  devia¬ 
tion  from  theory  can  be  adequately  explained  by  the  vari¬ 
ability  of  the  LINAC  itself. 

2-  Ail  Patti 

The  air  path  was  chosen  to  be  1.0  meter  in  length, 
which  was  convenient  for  the  dimensions  of  the  LINAC  end 
station.  The  characteristic  index  of  refraction  for  air  was 
taken  to  be  1.000268,  which  is  the  same  as  that  given  for 


air  in  [Bef.  3].  This  gives  a  speed  of  light  in  air  of 
2.997127E08  leters  per  second,  which  is  less  than  the 
velocity  of  100  dev  electrons  (see  Table  II). 

3.  girror 

l  polished  aluminum  mirror  50  centimeters  in  length 
was  used  to  fix  the  path  length.  The  mirror  performed  the 
dual  function  of  allowing  the  electron  bunches  to  pass  and 
proceed  into  the  bean  dump,  while  causing  the  microwave 
Cerenkov  radiation  to  be  reflected  into  the  detection  area. 
The  electron  bunches  continued  to  emit  Cerenkov  radiation 
after  passing  through  the  mirror.  It  was  assumed  that  this 
radiation  did  not  reach  the  detection  area,  due  to  the 
inherent  weakness  of  the  signal,  and  due  to  the  distance  and 
multiple  reflections  it  would  have  to  travel  through  in 
order  to  reach  the  detection  area. 

The  mirror  was  tilted  10  degrees,  causing  the 
reflection  axis  to  be  offset  20  degrees  from  the  beam  axis. 
Therefore,  the  actual  length  of  the  emission  region  varied 
between  approximately  95  and  105  centimeters.  Measurements 
were  made  over  a  range  of  from  0  to  15  degrees.  The  mirror 
was  long  enough  to  reflect  most,  but  not  all,  of  the  radia¬ 
tion  at  15  degrees.  See  figure  2.1  for  details  of  the  geom¬ 
etry  of  the  experiment. 

4 .  gn<|  station  Detection  Apparatus 

The  detection  apparatus  was  mounted  at  the  end  of  a 
pivot  arm  of  fixed  length.  The  pivot  point  was  located  at 
the  center  of  the  virtual  image  projected  by  the  mirror,  in 
order  for  the  detector  to  always  be  pointed  at  the  virtual 
center  of  the  emission  region.  Theory  assumed  that  the 
emission  region  would  be  a  short  distance,  small  compared  to 
the  detector  distance  £*  (field  point)  .  Focusing  the 
detector  on  the  center  of  the  emission  region  was  done  to 
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approximate  theory  as  closely  as  passible.  The  pivot  arm 
also  kept  the  detector  at  a  fixed  distance  from  the 
(virtual)  center  of  the  eaission  region.  Therefore,  the 
distance  of  travel  of  the  aeasured  radiation  vas  approxi¬ 
mately  the  same  for  all  angles,  so  that  variation  in 
distance  would  have  minimal  effect  on  the  signal  variation. 

a.  Antenna 

A  small  antenna,  with  a  lateral  dimension  of  2.8 
centimeters,  served  as  the  forward  end  of  the  detection 
apparatus.  This  antenna  served  two  functions.  First,  it 
was  small  enough  that,  with  the  given  length  of  the  pivot 
arm,  the  antenna  subtended  an  arc  length  of  appro ximately  1 
degree.  Therefore,  an  experimental  measurement  resolution 
of  1  degree  was  obtained.  Further,  this  antenna  had  a  very 
wide  beam  width.  The  antenna  profiles  for  the  electric  and 
magnetic  fields  are  given  in  figures  2.2  and  2.3.  Using  the 
half-power  points  as  cutoffs,  the  beam  width  is  found  to  be 
greater  than  60  degrees  for  both  the  E  and  H  fields,  and 
thus  for  the  power  as  well.  At  a  distance  equal  to  the 
average  of  that  between  the  antenna  and  the  mirror,  approxi¬ 
mately  130  centimeters,  the  beaawidth  covers  an  arc  length 
of  68  centimeters,  which  is  larger  than  the  length  of  the 
mirror. 

Therefore,  radiation  arriving  at  the  antenna  and  origi¬ 
nating  from  any  part  of  the  emission  region  would  be 
collected  by  the  antenna.  This  again  approximates  the  theo¬ 
retical  condition  that  the  emission  region  be  a  point 
source,  since  the  antenna  "sees"  the  entire  emission  region 
at  every  angle  of  interest. 

In  summary,  the  antenna*  s  narrow  dimensions  have 
provided  spatial  resolution,  while  its  wide  beamwidth  has 
approximated  a  theoretical  requirement. 
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b.  Filters 


In  previous  experiments  reported  in  [Bef.  4]  a 
section  of  X-band  waveguide  was  included  between  the  antenna 
and  the  crystal  detector.  This  waveguide  serves  as  a 
partial  filter  of  the  microwave  radiation,  since  it  does  not 
pass  the  fundamental  frequency  (2.96  GHz)  nor  the  second 
harmonic  (5.71  GHz)  .  Use  of  the  X-band  waveguide  as  a 
filter  was  included  as  one  of  the  variants  in  this  experi¬ 
ment.  Additionally,  filters  were  available  which  were  able 
to  select  the  third  and  the  fourth  harmonics  of  the  bunch 
frequency.  These  filters  were  designed  and  built  by  K. 
Alexander  and  s.  Hamel  [Bef.  5].  The  band-pass  characteris¬ 
tics  for  these  filters  are  shown  in  figures  2.4  and  2.5. 

c.  Detector 

The  final  component  in  the  detection  apparatus 
was  the  detector  itself,  an  HP  X-band  X424A  crystal 
detector.  The  detector  was  used  without  the  square-law 
load.  Therefore,  the  response  varied  linearly  with  the 
input  (Cerenkov)  signal. 

5.  Cable 

In  the  work  done  by  A.  Sag  lam  [Bef.  4]  the  experi¬ 
mental  area  (end  station  of  the  LINAC)  was  described  as  very 
noisy  due  to  the  electromagnetic  energy  radiated  by  the 
LINAC  klystrons.  This  problem  was  effectively  solved  in 
this  experiment  by  using  doubly-shielded  cable  to  transmit 
the  detected  signal  to  the  observer  station. 

6 .  Observer  Station 

The  analyzing  equipment  consisted  of  an  OETEC  450 
Research  Amplifier,  a  TEKTRONIX  7904A  Oscilloscope,  and  a 
TRACES  NORTHERN  TN-7200  Pulse  Height  Analyzer  (PHA)  .  The 
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Figure  2.5  Filter  Bead  pass  for  the  Fourth  Raraonic. 
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12.  0 


critical  piece  of  equipment  for  experimental  purposes  was 
the  PHI.  This  instrument  divided  the  detection  range  into  a 
predetermined  nuaber  of  channels  (e.g.  102<M  and  then 

recorded  graphically  the  frequency  with  which  each  signal 
channel  was  detected.  This  allowed  the  observer  to  deal 
with  a  certain  degree  of  variability  in  the  signal,  by 
choosing  the  observed  value  to  be  the  peak  of  the  frequency 
distribution.  The  frequency  distributions  observed  ranged 
from  very  sharp  spikes  at  the  lower  signal  levels  to  typi¬ 
cally  broader  peaks  at  higher  signal  levels.  The  PHA 
display  also  provided  an  maasure  of  LINAC  stability.  If  the 
frequency  distribution  of  the  detested  signal  was  extremely 
broad  or  if  multiple  peaks  were  fcried  while  detection  angle 
remained  constant,  machine  instabilities  were  indicated. 

This  concludes  the  discussion  of  the  experimental 
apparatus.  Comparison  of  experimental  results  to  theoret¬ 
ical  curves  is  presented  in  the  next  chapter. 


III.  RESULTS 


A.  METHOD  OF  DATA  SEDUCTION 

As  explained  in  Chapter  2,  the  caw  data  from  the  experi- 
aent  was  in  the  fora  of  signal  (power)  versus  angle.  Since 
the  signal  was  processed  through  a  series  of  elements 
(filter,  detector,  amplifier,  PHA)  ,  a  measurement  of  the 
absolute  power  was  not  available.  Therefore,  it  was  neces¬ 
sary  to  normalize  these  measurements  in  order  to  make 
comparisons  with  the  theoretical  curves.  The  method  of 
normalization  chosen  was  the  matching  of  peaks.  For  a  given 
experiment,  the  experimental  points  were  examined  to  deter¬ 
mine  which  one  had  the  peak  value.  This  value  was  then 

adjusted  such  that  it  exactly  matched  (in  magnitude)  the 
peak  value  of  the  appropriate  theoretical  curve.  All  other 
experimental  points  for  that  experiment  were  then  adjusted 
by  the  same  factor,  so  that  the  experimental  points  main¬ 
tained  the  same  relative  magnitudes. 

B.  DATA 

The  results  presented  here  are  characteristic  for  the 
experiments  which  were  performed.  Each  figure  shows  the 
theoretical  curve  for  the  harmonics  assumed  to  be  present 
for  a  given  filter,  with  the  experimental  points  overlaid 
and  normalized  to  the  peak  value  of  the  theoretical  curve. 
Tabular  data  for  figures  3.1  through  3.5  are  presented  in 
Appendix  E.  F.gure  3.1  and  3.2  compare  the  theoretical 
curves  for  harmoi  ,  o  three  and  four  to  the  radiation  meas¬ 
ured  with  the  appropriate  filters  inserted  before  the 
detector.  Figure  3.3  compares  the  theoretical  curve  for  the 
sum  of  harmonics  three  through  seven  with  the  radiation 
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measured  with  an  X-band  waveguide  inserted  before  the 
detector. 


These  results  appear  to  be  good  enough  to  indicate  an 
initial  verification  of  the  theory.  Results  were  best  for 
the  fourth  harmonic  (figure  3.2),  with  very  close  agreement 
between  theory  and  experimental  points.  The  experimental 
results  for  the  third  harmonic  (figure  3.1)  are  shifted 
somewhat  to  the  left  of  theory,  while  the  results  for  the 
sum  of  harmonics  (figure  3.3)  are  shifted  to  the  right. 

One  predicted  effect  which  is  claarly  evident  despite 
the  shifting  is  the  relative  spread  of  the  Cerenkov  angle 
for  different  harmonics.  The  third  harmonic  is  predicted  to 
spread  the  radiation  over  a  broadar  range  of  angles  than 
does  the  fourth  harmonic,  and  this  is  verified  by  the  exper¬ 
imental  results. 

There  are  several  possible  explanations  for  the  devia¬ 
tions  from  theory  which  are  shown  here.  For  example, 
certain  assumptions  necessary  for  theoretical  simplicity  may 
not  hold  in  the  experimental  situation.  It  may  be  that  the 
charge  distribution  of  the  electron  bunches  is  not  Gaussian, 
or  that  a  lateral  parameter  should  be  included  in  the 
Gaussian  to  account  for  divergence  of  the  beam  over  the  air 
path.  Another  factor  possibly  affecting  the  results  was  the 
mirror  tilt,  which  caused  the  air  path  length  to  be  longer 
than  one  meter  on  one  side  of  the  beam,  and  shorter  on  the 
other . 

Another  factor  which  must  affect  the  results  to  some 
degree  is  simply  the  experimental  geometry.  For  a  number  of 
reasons,  theory  calls  for  the  field  point  distances  to  be 
much  greater  than  the  source  point  distances.  That  is,  the 
path  length  should  be  small  in  relation  to  the  distance  to 
the  point  at  which  the  fields  are  measured.  However,  the 
dimensions  of  the  LIN  AC  end  station  prohibit  this,  so  that 
at  angles  larger  than  just  a  few  degrees,  there  is  ambiguity 


POWER /STE RRD I AN  (WftTTS) 


29 


regarding  exactly  which  angle  is  being  measured.  For  small 
observation  angles,  the  air  path  does  look  like  a  point,  but 
as  the  angles  become  larger  there  are  increasing  differences 
between  the  angle  as  measured  from  the  beginning  of  the  air 
path  and  the  angle  as  measured  from  the  end  of  the  air  path. 
At  large  angles  (greater  than  five  degrees)  the  angle  as 
measured  from  the  center  of  the  air  path  is  substantially 
smaller  than  that  measured  from  the  end  of  the  path.  since 
the  radiation  originating  from  the  end  of  the  path  is 
stronger  (it  has  traveled  a  smaller  distance  to  the 
detector),  and  since  this  radiation  originates  at  an  angle 
larger  than  that  which  is  being  measured,  the  radiation  at 
the  measured  angle  is  actually  overstated.  This  may  be  the 
cause  of  the  shift  to  higher  angles  observed  in  figure  3.3. 

Finally,  the  frequency  range  over  which  the  filters  are 
valid  must  be  considered.  The  X-band  filters  and  waveguide 
used  in  this  experiment  are  designed  for  use  with  radiation 
in  the  frequency  range  8.2  to  12.4  GHz.  Radiation  within 
this  band  will  only  propagate  in  the  dominant  TE  mode  in 
I-band  waveguide.  Note  that  this  encompasses  only  the  third 
(8.57  GHz)  and  the  fourth  (11.42  GHz)  harmonics  of  the  LINAC 
bunch  frequency.  When  radiation  outside  this  frequency  band 
is  fed  into  the  waveguide  (as  with  the  fifth  and  higher 
harmonics  of  the  bunch  frequency  which  are  expected  in 
Cerenkov  radiation)  ,  modes  other  than  the  dominant  may  be 
excited  in  the  waveguide.  As  indicated  by  [Bef.  6],  the 
effects  of  coupling  multiple  modes  into  and  out  of  a  wave¬ 
guide  are  complex,  and  the  normal  single  probe  configuration 
for  detecting  signal  energy  in  the  dominant  mode  cannot  be 
reliably  used  in  this  situation.  Since  frequencies  outside 
the  X-band  operating  range  were  expected  to  be  present  in 
this  experiment,  modes  higher  than  the  dominant  may  have 
been  excited,  thereby  causing  inaccuracies  in  the  measure¬ 
ment  of  power  by  the  signal  detector. 


A  comparison  vas  Bade  to  test  for  the  possibility  that 
frequencies  outside  the  X-band  operating  range  vere  not 
being  accurately  measured  by  the  single  probe  detector. 
Figure  3.3  compares  the  theoretical  sum  of  harmonics  3-7 
with  the  data  measurements  from  the  X-band  waveguide,  using 
no  filter  in  the  waveguide.  Adding  higher  harmonics  to  the 
sum,  although  theoretically  correct,  would  cause  a  larger 
discrepancy  between  theory  and  experiment,  since  higher 
harmonics  are  shifted  towards  smaller  angles.  Assuming  the 
worst  case,  that  harmonics  five  and  above  excite  modes  in 
the  waveguide  which  are  somehow  not  correctly  coupled  and 
detected,  implies  the  possibility  that  only  harmonics  three 
and  four  are  being  measured  when  x-band  waveguide  is  used  as 
a  filter.  Pigure  3.4,  showing  the  data  gathered  with  the 
waveguide  filter  normalized  against  the  sum  of  harmonics 
three  and  four,  appears  to  fit  the  data  better,  in  that  the 
width  of  the  theoretical  curve  is  mors  closely  approximated 
by  the  experimental  points  than  in  figure  3.3.  This  lends 
some  credence  to  the  supposition  that  the  detector  does  not 
respond  well  to  harmonics  higher  than  the  fourth. 

A  second  comparison  vas  made  to  investigate  the  possi¬ 
bility  that  the  filters  which  were  used  to  isolate  the  third 
and  fourth  harmonics  were  also  passing  higher  resonant 
frequencies. Such  higher  frequencies  would  be  close  to  multi¬ 
ples  of  the  frequency  which  the  filter  was  designed  to  pass. 
For  example,  figure  3.1  compares  the  data  gathered  with  the 
filter  for  the  third  harmonic  to  the  theoretical  curve  for 


the  third  harmonic.  Figure  3.5  compares  the  same  data  to 
the  theoretical  sum  of  the  third  and  sixth  harmonics.  Note 


that  a  somewhat  better  fit  of  the  data  at  the  smaller  angles 
is  obtained  in  figure  3.5,  indicating  that  the  filter  may  be 
passing  higher  resonant  frequencies,  which  in  this  case  are 
measured  by  the  detector,  despite  the  effects  of  higher 
modes  which  may  have  been  excited. 
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C.  COICLOSIOIS 


The  resalts  presented  here  demonstrate  initial  confirma¬ 
tion  of  the  theory.  Although  it  is  difficult  to  improve  tha 
geometry  of  the  experiment,  definite  improvements  can  be 
made  in  the  measurement  of  the  microwave  radiation.  Instead 
of  using  waveguide  filters  and  a  crystal  detector  (the  use 
of  which  leads  to  measurement  ambiguities  for  harmonics 
greater  than  the  fourth) ,  a  tunable  TIG  filter  coupled  to  a 
spectrum  analyzer  of  appropriate  sensitivity  should  be  used. 
This  will  enable  the  observer  to  isolate  harmonics  for  meas¬ 
urement  without  ambiguity,  as  well  as  allowing  the  measure¬ 
ment  of  absolute  (vice  relative)  power. 


APPBNDII  A 

FOBTBAH  PH OGB AH  FOB  CALCOL  ATI  BG  CERENKOV  RADIATION  COBVES 


This  is  an  interactive  program  which  calculates  and 
plots  Cerenkov  radiation  curves  for  the  case  of  a  finite 
path  length.  Op  to  five  different  harmonics  of  the  electron 
bunch  frequency  and  five  different  lengths  of  emission  path 
may  be  selected  for  presentation.  The  program  also  allows 
for  adjustment  of  all  basic  parameters  and  constants  of  the 
Cerenkov  power  equation.  A  different  curve  will  be  plotted 
for  each  distinct  combination  of  path  length  and  harmonic. 
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APPENDIX  B 

FOBTBAN  PBOGBAM  -  CSBEHKOV  CURVES  WITH  DATA  POINTS 


This  is  an  interactive  program  which  calculates  and 
plots  several  Cerenkov  radiation  curves  as  well  as  a  single 
set  of  experimentally  observed  data  points.  Op  to  five 
different  harmonics  of  the  bunch  frequency  and  five 
different  lengths  of  the  emission  path  may  be  chosen  for 
presentation.  &  different  curve  will  be  plotted  for  each 
distinct  combination  of  path  length  and  harmonic.  The 

program  also  allows  adjustment  of  all  basic  parameters  and 
constants  of  the  Cerenkov  power  equation.  The  program  then 
prompts  for  20  data  measurements  of  power  (one  per  degree) 
which  will  be  superimposed  over  the  curves. 
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APPENDIX  C 

FOHTHAH  PROGBAH  -  SOB  OF  CBBENK07  CORTES  WITH  DATA  POINTS 


This  is  an  interactive  program  which  calculates  and 
plots  a  single  Cerenkov  radiation  curve  and  superimposes  a 
single  set  of  data  points  over  the  curve.  The  single 
Cerenkov  curve  will  represent  a  sum  of  curves.  The  sum  will 
be  composed  of  each  distinct  combination  of  harmonic  and 
path  length  chosen.  Op  to  five  different  lengths  of  emis¬ 
sion  path  and  five  different  harmonics  of  the  bunch 
frequency  may  be  chosen.  The  program  also  allows  adjustment 
of  all  basic  parameters  and  constants  of  the  Cerenkov  power 
equation.  The  program  will  prompt  for  20  data  measurements 
of  power  (one  for  each  degree  of  angle) . 


OOOOOOOOOOQOOQOOOOOOOOOOOOOQQOQQOOOQOaoOOOQOOOOO 

cjij  »-•<-*  (\4i>jv\4iNjt-4i^rNj^cMr'4iMrnrn(’irni,t"ini(' i  rn'T'T  nTst  '/■sr  'T'T'r 

ggwovjgouoguouuuuauwouuuuauuo<JOQuqauQuuugcjouauuaw 
ooaooQooooaooaoooooooooaoaoooooaoooooooooooQoooo 

zxxxzzxzzxxzzxxzztzxzzszzxzxzzxzzzxxxrzzzxzxzzzx 


V|VHOV)V|VIV)V»MtfH/)V|l/|V)V|V(V)IOV)V)V>W)<^VK/)Vn/IV)V)inV)V|l^(/|V>W)V)W)V)VllOVIimOlOV|l/tV] 


X 

•s 

3 

m 

COX 

X 

z  <x 

m 

OutXQ 

•» 

''s 

mIOui 

O 

CDh-UCO 

o 

z 

ZUJ  aca 

<N 

*M 

Oacza-a. 

•ft 

—  Ml  x 

CL 

N* 

»-z  ui»i 

< 

m 

<aujxoc 

t— 

> 

»MMi3»t— ut 

at 

• 

939  9 

.  5 

••a 

\> 

a(HU  «to 

a 

•  "H 

X  u 

H  • 

•» 

>uti— —ai 

cO  ■« 

o>» 

a  zzao 

a 

o- 

XU.UJCJ 

u  — 

z 

zaocza 

«h 

• 

at  ojoch- 

>  -J 

X‘OU.«X 

«CU_J 

oat 

u 

utlu-X— 

<  ~ai 

O- 

at 

uh-m«  at 

HOU 

zs 

O 

(JQQOI 

aix 

K»£fl 

z 

u.Z  zx 

at  •  • 

M-4 

•«» 

aut«i<iu 

«ut— 

•a  - 

X 

-j  ai 

<  «u\ 

«  >* 

u 

X  uiXQ 

Id- 

m 

03 

jujui- 

X  -X 

»  at 

w>3t)at 

•*006 

o 

O  at 

HJZUI 

C30< 

xo 

X 

<auuta 

*ZX 

-  X 

-  a 

ZJ 

U  - 

V.- 

CO 

at  t— 

wqh  at 

•3  • 

o>. 

t— 

*-Z  U.Z 
0<JQO 

ajx— 

xo 

z 

or  O 

*  *QO 

MiX 

< 

ca  Oat 

-J  J  — 

U.ZQO 

•—1 

0* 

H* 

3ZO  -4- at 

H 

a«n«z 

mi  *oo 

■v  • 

yi« 

CO 

uo  z 

Ml 

eg 

OlOM 

Qmi  ■  |)« 

OHH 

« 'a 

HO 

tftfO 

z 

z  a 
</l  »  t—co 

—i 

CO 

•O'" 

o 

o 

ZZXhZ 

o  ~«*x 

IStr-l 

u 

1-0  h- 

1— CO 

OZ 

<o«** 

OU.t-3 

cnui 

zx  uz 

z 

1— «* 

xxzu 

Z  “Utco 

z 

cr>(\icr 

xcoo  -1 

<  -  o< 

a< 

Ml 

cOXO— iQ. 

31 

•  at 

avnr* 

<oo  m 

t— Z  t— 

Um 

o 

uj<aai 

«•  «f«»  •» 

t/rs,« 

rotnr- 

xututgt  l 

co  «cO— c/l  «/» 

u— 

h*£KZS 
<  aat- 
■Jut  U< 

0*4  ^ 

hZ\ 

in^m 

'OfMQ' 

(3U1QOU  ret  at  a 
0cg>0  t  Oi^HdlO 

zozuz  z 
QU<ZO  < 

— o 

■TZ 

—o 

XU  »o 

Z<~tOi 

OvtU 

— <M 

<  — * 

Ocg~*rg 

xo'otuto  I  — icnai 

U  —♦MIU  Ml 

uo 

ZO'  — 

0.>0t  U 

»  o— 

t— "S  M-t 

•(TO  • 

a.P'O'ctaiat  |  v»>r 

—  •  — 

MU'— 

—  — * 

UHlh 

>  ox 

co»  soon  •r- 

0«omir»<TUtoot 

XO-OXN- 

•  Hto 

•o  ~o 

JllhUO 

<  out 

z  -  HNHOIA 

aiooogcoo'o^o 

<Or-ILU<OfO 

Ut'O  Ml 

at— in^g 

<t  ZfM  • 

yo<»«  at 

X  hi 

a 

Nt  •  •  •  •  •  •  «0 

0£(3'O  •XO'O 

Z—m 

Z  — 

— U 

uo  « 

II  m»  It  U 

►Hotf-i>-iotT-»i-iwi  • 

U  •U'COO  •»CI' 

•at— cj 

•ut  u 

t-ZhaC> 

•  XX 

u 

• 

_i 

OcO  “ZO'O  •* 

cot-at- 

cot-at- 

X  at  coo« 

o 

at*  at-u.mao 

< 

x>— m<x-*«> 

Zm< 

ZM< 

<hvihuiJ 

X  z 

•ct'x-  z<  xa 

Ml  It  11  l|  It  N  II  H  it 

aut— Maui— 

<totaiu 

<auiu 

acuuai  at 

u 

«w>«r n  uu 

t— 

L-CJ— •  l—uj 

Maaui 

m*-*XU 

U  X  co 

»  — 

JLKJUUJ  t— h* 

>— i  (j 

— 

— 

O  OXXU1 

Z  CO 

<H«aiHoa 

ZO  JO  O 

xxutxaxut 

X 

X 

X  •  UcoX 

z 

<-•  znaQ  x 

Muzzzautxai 

<3XMIZ3X 

M| 

Ml 

a.ooiu<i*th- 

— i  at 

t-< 

at  as  at 

•H  X 

*-«►- 

* 

■*  * 

co>  ZX 

at  mi 

z< 

# 

#  * 

—xj-xaiut 

x  a 

* 

*  # 

I3<OX> 

*  # 

# 

1-UIU.I-U 

O  -• 

H  fH 

OUUUUOU  UO  UU  UU  U  u  u 


47 


OOOOOOOOOOQOOOOOOOQOOOOOOOOOOOOQOOOQOOQOOOOOQOOO 

s,KAuuiiuiiiiiiiuiuiini»4;'4;«>V'W'U'<;'V'i;«r*r>r'n<r»ror»r,'r«raa)uicow>uuv>u^iD4iu'U'U,u'u’U,U' 

(jauouuouuijuuuwouuuuuuuijuuuuijuwoouuuuuguuuouuuuua 

OQOOOOOOQOOOOOOOQOOOOOOQOOOOOOOQOOaOOOOOOOQOOUOO 

xxzxzxxzzxzzxzzzzxzzxzxxzxzzxxzxzzzzrzzzzzzzztzx 


U|IOV|WtVn/)l/>V|V)V)VII/IV)VIU)V)V)V|VN^U1VK^VM(/)VIWl'OV)tf)V)VIV>tf>l/)V)tf)VtV>VKOV)IAV)W|tflM 


*  J 
QC  -J 


X  ^ 


QC  -J 

<t  Ui 

X  CJ 


m  m 


X 

-1 

><■ 

aC 

-J 

<n 

r» 

< 

UJ 

*-* 

in 

>o 

00 

X 

Li 

a 

— « 

• 

•* 

ow 

l-co 

co 

CO 

am 

CO 

mm 

►-Z 

X 

uz 

oz 

i-x 

az 

ou 

iN 

— 

<. 

a<z 

l-< 

1— < 

<z 

»— * 

— 

— 

a*-» 

a*-* 

►1 

•-I 

a«i 

««• 

X 

J 

— 

o  a 

o 

a 

a 

a 

a 

X 

-J 

aC 

— X 

— a 

e>— 

o— 

-*o 

y>— 

«* 

UJ 

UJ 

— -r 

o«tjs 

■TUI 

— rx 

>*CO 

o 

X 

LI 

X 

go— 

go 

— o 

— O 

oo 

— O 

ri 

•» 

•* 

o 

xtr* 

ZQ'- 

arcr  — 

UJO'  — 

XO'  — 

CQO'~ 

O' 

CL 

M 

«-4  •  • 

*“•  •* 

—  •* 

—  •# 

**  »•* 

*“• 

•« 

•«na 

•o  *o 

•<o  «o 

•*o  *o 

•«o  *o 

•<o  *o 

— 

UJ - 

UI— U>»4 

uj— m-« 

uj— in** 

ui— in<-4 

ui— tn<— • 

— 

X 

-J 

o* 

o*-» 

z 

z  — 

z  — 

z  — 

z  — 

z  — 

QSUIO 

a: 

-J 

INI  » 

(M^ 

•uj  a 

•UI  l_) 

•ui  a 

•ui  a 

•UI  u 

•Ui  (_» 

Uf-I— 

«»Ui 

—  -n 

»a 

COH-QL- 

COh-Q|- 

VJHUf 

COh-QI— 

ioh-ai- 

QC*-* 

mi<oo 

r— ■«— 

z-«<* 

z«< 

z*-*< 

z*-« 

Z*-i^ 

z— < 

□cat  a 

o 

O 

o  a 

H- 

<taeuji_i 

<txuia 

•xaeuiu 

<tcc.  cuo 

•XQCCULJ 

<aeuii_i 

UI-SO 

O'—' 

O'  H  «z 

II  UJ 

— -*cx.<ui 

*-*.*atv» 

•-«  .*  U.O 

'-IJkU.CJJ 

»■* 

•  UJUJ 

*J»I 

— 

— 

— 

— 

■» 

UI  »u»  • 

•O—CC-J 

*^r— 

UL 

UL 

u. 

u. 

a. 

u. 

* 

—in 

—m 

—  z 

— 

•>* 

»-« 

— 

•— » 

* 

UJ— 1 

LU— 

UJ-*  >-« 

<N|  i 

l~QHQ  >— >r  »—  -T  t— 

m*  j£  JC 

ocuiacui  qCQ  Q  O  Q 

xacxae  3a  a  a  a 


l.VA'a'a'J'. 


OOOOOOOOOOOOOOOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

r-<r>oo.Mni<i>uf  moi— fiO0‘O»u<\jfO'Tin'Or,*®o*o-io4cr>'^in'Or»co<»o<-4O4(t}>*in.on*oo<7'O.-4Oicn«* 


oooooooooooooaooooooooQoaoooooooaooooooooooooooo 

zxxzxzzzzzxxzxzzrxzzxzxxzxzzzzztzzzxzzzzzzxzzzzx 


IAV]WVKOVN/)V|l/|V)VMIAW|V)WJVtV)V)V)W)V)W)V)tf|l/|V)V)U)V)t/|V>VKOW)V)WlinV)VtV>V)l/)VIVIV)V) 


> 


. 

X 

— 

a 

►— 

—• 

m 

i/» 

X 

• 

«a 

►— 

o 

nj 

z 

X 

— 

a 

UJ 

< 

■* 

a 

— <\J 

X 

X 

* 

o 

04  • 

Ul 

z 

rH 

«a-t 

X 

— 

a 

‘M  • 

X— 

-4 

a 

•O 

xo 

— 

<• 

-40 

—•m 

< 

•• 

a-( 

• 

X 

X 

l/>  — 

o  - 

ua 

o 

X 

►1  </) 

o- 

x  » 

< 

X  *- 

<tn 

X 

a 

<  1— 

•Ul 

o 

LO 

# 

< 

•••  z 

Ul  • 

—* 

o 

< 

>  X 

x**— 

DO 

2 

|M 

X 

a 'O-i 

Z  • 

X 

X 

a 

<z 

<o 

X 

o 

O 

< 

z  z 

C£— 1— 

X  ■ 

X 

r- 

1— 

— o 

•x  < 

00* 

o 

1— 

o— 

•• 

■«  i 

<1X1 

a 

o 

o 

a 

a 

m 

XOQ 

aCUJZ 

z  • 

w 

i- 

o 

#>* 

•• 

UJ 

o< 

ax 

<o 

to  o 

Z 

X 

ZH8 

X  z 

• 

I- 

a 

— 

Z  DO 

o 

a  *uj 

<Q 

xm 

— 

a 

o 

a  *  • 

o 

2- 

m  H» 

a 

— 

X 

• 

►M  O— 

«  iw 

nO 

Q^tO 

XI/)  19 

x  • 

— 

(j 

1-  X  -> 

— 

cco 

• 

UJ  >. 

KNZ 

DO 

X 

o 

X 

<  —  1  O 

—  o 

a  • 

>a 

OCXOC 

mi  mi 

• 

1— 

1— 

• 

• 

_J  D\ 

— o  • 

H 

CDiH 

— —IX 

LOLOQ 

mm 

a 

z 

a 

— 

=5  NO 

•*J  •  H 

X  • 

a 

W(JJ 

UJMIZ 

— 

u 

Ml 

X 

DZ  •  *<-) 

•O  —4 

xo 

v»o 

ujza— 

QXUJ 

z  • 

X 

a 

» 

M> 

X  UJH 

N  •  a 

b-  • 

UJ  • 

040,0 

l-X 

LUO 

LO 

CL 

•a 

—-I 

<N  — <  || 

r-o  in 

If- 

a  a 

0.  . 

X  • 

zo 

mo 

X 

l_)  II  f— 

• 

x— 

a— 

l/)aa 

Za- 

LUO 

at 

* 

II  X 

O  If  X 

ao_»-<_>ma£co 

aoc 

za 

-J  15 

HZZ 

a— 

ax 

*4  It 

— x 

a 

ZU4  COO 

•m<-jxocq— 

a 

—cm 

IUUJIUZ 

LJi-o-i 

a 

xx 

X 

£- 

»•  x<  h- 

'Oatxt-xacx 

ZV) 

< 

azx4 

*»oa 

zu. 

— 

II  — 

if  «* 

o  ii  xi—  »  m 

atiui  "i/HLau 

LJ.M 

ZUJ 

lUH'C 

UJ_I 

—  UJ 

X 

UlU. 

UU  *4  LU  U 

wntauu^ 

•“•X 

»-»oe 

XIXIIXI 

at 

zu. 

—  — J 

“J— 

1— Ml 

ajuucu^u 

Ka.a>uza 

i-x 

< 

X>>- 

XX 

QU 

mV) 

xz 

< 

< 

oC 

eC 

Z 

-J 

a*3— 

ox 

a 

* 

j.j  i  j  *  j  j 

U_l 

Ul -J 

U1JUJ 

X_|_| 

<-J 

XX 

®mi- 

a 

■* 

JU.J 

ax 

aC-J 

>JJJ 

>JJ 

-J 

LO— J 

z 

# 

<«<«< 

-j< 

« 

LU<<< 

x« 

X< 

< 

9  Q 

o 

UDUUDUD 

o 

a 

HUUD 

hUU 

OU 

QD 

a  a 

Q 

uu 

UJ 

< 

< 

z 

X 

X 

X 

X 

X 

< 

LU 

1“ 

b- 

2 

2 

ae 

z 

O' 

m 

o 

o  -4-  in 

OUUUOO  U  OOUOU  Du  UDDDDD  DUUUD  U  O  DU 


49 


aoOOOOOQOOOQQOQOOOOOOOOOQOOOOOOOQOOOOOOOQOOOOOOO 
lAOP'*cO<7'Ooi\jm'i,tA'OP-cOOSO— 4C'J['r)'*A'OP-cO<7'0.-4(''jm'*tA3r-cOO'0'^r\4rO'*  A'QP-coO'O.-JtNJ 
sr 'T  u  "*'“>>* '>*"*"*  "Au \u » -*j -<J 'U  o  O  o 'U  o  O 'Wr—i'—r- r-r-r—r—r— r— r—cu  ao  luujaj'U'U  ujcu  co  u’i/'U' 
— O-* —1^-4  f-4 -H —.-4—1  r-t-H -*-4-4  — r-4 -4 

oooooooooooooooooooooooooooooooooooooooooooooooo 

xzzxxzzxsxzzxzzxzzzzxxzzxxxtxzzxzzzzzzzzzzxzzzzz 

33330J3333333J333303333030J3303330J33J3303J30J03 

V)l/|V>Vil/)V|l/lWlwnOVH/)l/>VU/)V)l/|V|W1(/U/>l/)l/)Vtl/tt/|l/)l/|VIV|l/)l/|VII/)W|l/|(/)V|l^l/)V)t/)VII/IV)V)<^Vl 


— 

— 

« 

•• 

—* 

OO 

ai 

JB 

-j 

Q 

o 

>1 

2 

-J 

< 

a 

-a 

a. 

IO 

a 

o 

Ai 

* 

3 

* 

* 

QC 

>. 

UJ> 

oo 

<CM 

U. 

h»< 

UJ 

2s 

M 

LUO 

o 

*— 

* 

ZD. 

-J 

aj— 

— 

<00 

< 

— 

Ul 

ac— 

> 

*ui 

o 

<CJ 

•1 

a 

CL 

UJ 

— O 

2 

00 

> 

35 

< 

►~Z 

< 

IOH 

X 

O— 

Z 

<0U 

Zoo 

—» 

u» 

>12 

> 

<o 

oo 

-J 

— o 

* 

•• 

Z-* 

(« 

—  — * 

u. 

z 

Ooj 

Z  OO  36  -4 

* 

UJ 

• 

— 

oo 

—  U.UH  —  — 

060 

06 

00'S. 

4. 

UJ 

a  <*oo  _i  < 

»-« 

— P- 

ae 

— 

ac 

3 

CL  K-»0  -J  P- 

z 

—  — 

3 

O 

< 

o  — 

X  UJ<U  UJ— UJ 

a-* 

0-4 

o 

>.3 

X 

<  -1 

xx—  o*-*x 

h 

UIO  — 

-1 

2 

•> 

>Q  1 

VLH*  *— P- 

UJ 

060.  O 

P-  - 

OO 

O* 

o 

06  ►— 

Q  CO*  >1  • 

X 

1-4  » 

20 

h— 

#  — 

►— 

JOZ 

— <*  <3— 

H- 

60<  P- 

*— «nj 

O 

2 

3-> 

oo 

<t-— 

oce  *—  Xoo— 

•* 

UJP—  2 

O  - 

C—  r-t 

< 

*  — 

u 

zoa 

IOX*  — 

Q<  -4 

0.06 

z 

K 

OX 

o 

aoa 

H*HUt-UU.fZ 

o  a 

ZUI 

3  a 

oo 

oac 

• 

—  Zh—  P-njO  —  o 

uj  a. 

«-S 

06  H- 

z 

z< 

> 

t-*  — 

zt-a<  «o^  —to 

>>  z  — 

xo 

a 

*x 

< 

O  4— —K-4QCOUJ  *  — 

ct«*  »— o 

30L 

a6  a 

o 

o* 

36 

6U.<UUh  — O—  — — 

30  JO  - 

oo  • 

UJ  0069 

3— 

3<OO.J<  II  CL  3p*3* 

* 

ua  -  -z 

-o. 

X  2 

2 

za 

— 

IU-J4IL0C  X#— O  • 

00  <Z  » 

« 

P-  <— 

< 

** 

* 

LULL 

•  — UJ  <6.  HO 

O 

UJ 

x—  P-  • 

P-4— 

O  —•»» 

06 

oo 

— 

tUX  i 

i-4  M  fl  —I— >—•  IA 

in 

3 

oa  uj>> 

UJUJ 

z— 

69 

*  • 

o 

H 

H  —>*<60  H  — 

2 

<  —X  •  “ 

XX 

<00—  • 

O 

3<V 

in 

< 

—OU4<-4X  —  UJ 

UJ 

*— 1 

UJP-P-f-XX 

f— '4— 

-> 

0-40 

06 

4. 

— 

JNh 

HJf  —  H  — — 

i- 

P- 

az— — 

— 

O 

p-t/>oiu 

a. 

n 

UJ 

3  ZOHUUJ II  H  ’-•X1-* 

z 

06  Z** 

UJ 

— 

Z  -O'  «o 

H 

►— 

UU.H  C0<ZX  U.— -306 

<x 

a 

a  oujujou 

o 

UJUJ 

o 

6.0  *WO. 

— 

> 

►-* 

JQU 

06<P-U.3—  JC0O3 

2 

o 

ioua>» 

z 

:»> 

CL 

X— U3ZUJ 

•» 

-«< 

06 

(_|  14tLI4 

— 

UJ 

06  UO 

CO 

OU— 66UJ 

>- 

036 

JC 

006360 

uj  <4003 

r— 

-J 

30 

Z 

CLP- CJ—I6JO 

— 

>«HUOU 

z 

OO 

UJ 

UJ-4<  — QZ 

h- 

# 

06UJ< 

a 

—4 

0OQ6UJU.  — 

< 

# 

3f-Q-U-J 

o 

h- 

oo 

o 

3-*06-«OP-Q. 

2 

* 

o<  — J 1 1 

2: 

oo 

o 

OZO 

06 

o>«< 

o 

«t 

< 

*  <Qt- 

a 

J— 06000 

u 

oo 

o 

*  oo«/i 

u. 

uaiu 

. 

6Z4 

63 —UJ 

o 

o 

tn 

o 

o 

o 

CO 

A* 

P- 

O' 

O' 

o  uu 


ouo  oooooaoo  o  o 


o  uu 


50 


OOOOOOOOOOOOOOOOOOO 

m  >t  >0  ®  o  o  ^  r*>  <o  p»  oo  o' o  ^ 

W*UlU*U'U*W,W|JUUUaUUIJWlJH>i 

.Hi  iHi 

OOOOOOOOOOOOOOOOOOO 

zzzxxxxxzzzzzzzzzzz 

3333333333330330333 

i/*vivm/)i/IV)i/)V)V)I/i</)i/ii/)v)viv)u)V|V| 


z 

•  1-4 

>«  4 

<■% 

O—  O 

25  < 

3-i  > 

z 

arcs  at 

LUOj  (— 

U.  1 

z 

•  ••••••  •  > 

4;  *■ '***'*■  4*4;'* 

XO  1— 

Um  tO 

ZtO—  -t 

uiiuiiiUJiiiUiiiJiii 

3  tO*  3 

Xac*  uj 

hhhmhnnulu 

U.UJUJ-«X 

3 

O  x  ►- 

_i 

ILOZ 

■a 

•• 

uua  z 

> 

ut 

QC»-4 

UJ 

— ZXaCO 

Z  UJ 

o 

-  oi-a  t- 

3  to 

z 

«xou.>u 

3  Ui 

-  KZ  z 

a  i 

X 

••4UJIO0C 

<x  act- 

o 

4‘X-JUIUItO 

>UJ<X  UJ 

<’-'-’31—4 

Q—l  VI  >-U. 

UJ 

•  JZ 

ZZ<  WOUJO 

ca 

•  X3<<AJQ 

mm  4Z 

ZJ>  UJ 

u.>*uj>x<^ 

a 

0C<UJ  — t- 

KIUQUOO  aez 

h 

axuj  o 

X>  Za£ac»-<< 

U.  <f*UJ 

3— i>ai<uji/ia. 

t— 

Z4KZJ 

MHHOZZUJ  UJ 

z 

UJUOZ3UI 

_jo*Mcvoujacuj  o 

3U-U.UJEXtO 

<3UJ  fNlZ 

h 

3  X 

lta£M0CZZZM< 

to 

4(/)V)M(ZUJ 

□U.8JU.OUUWI 

z 

»iuuiaeuj3 

uj-«t  ac.at.tx.  u 

u 

33UJIOS 

QaCuixi-l-t-X 

UJ  iQuuuuu 

u 

1330.h< 

UJ44XUM 

ujcc  at  zujtutuz  i— 

CL 

Q.WUJ3JJ-0 

UJ 

44 

v><a.®uj  tutu  cat- 

H 

cCoCaCoC  > 

z 

5 

UJUJUJUJt— 

«* 

t-t-l— l-ZUJ 

ZZZZ4I 

— -^ujujujuj-*>— 

o  3**  »~r 

V*  WW  CJ  ••••• 

«-iz  zzcjiuxaj 

•  •••••••  ►-►-t-l-l-l-f-t— t— 

. •a«<<«*«« 

XXXXXXXXQZZZZZZZZZ 
intrunintninmirt  atocacoctxacutacaccj 
—  Qooaooaooz 

U-ULILU.U.U.U.U.U.UJ 

#*#*•**■*■** 


3{\jm4-in<ot'-®  o 

OOOOOOOOH 


APPEHDII  D 

EXPEBIHEHTAL  APPABAT0S 


This  appendix  contains  photographs  of  the  experimental 
apparatus  used  in  this  experiment.  Figure  0.  1  shows  the  end 
station  of  the  LIHAC.  At  the  right  is  the  LIN  AC  beam  aper¬ 
ture,  with  the  reflecting  aluminum  mirror  at  the  left.  The 
detector  assembly,  mounted  at  the  and  of  the  pivot  arm,  is 
shown  in  the  foreground  of  the  photograph.  Also  shown, 
located  along  the  beam  path  between  the  aperture  and  the 
mirror,  is  a  small  portable  laser  used  to  align  the  mirror. 

Figure  D.2  shows  the  waveguide  filter  with  the  fin-line 
insert  for  one  of  the  harmonics,  along  with  the  detector  and 
horn.  Figure  D.3  shews  the  detector  apparatus  assembled. 
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IP  P  BN  PI  I  S 

TABULAR  DATA  FOR  FIGURES 


TABLE  III 

"  ' 

Tabular  Data 

for  Figure 

3.1 

Degree 

Channel 

Normalized  Value 

1 

101 

.0082 

2 

96 

.0078 

3 

188 

.0153 

4 

434 

.0352 

5 

575 

.0467 

6 

864 

.0701 

7 

828 

.0672 

8 

752 

.0610 

9 

610 

.0495 

10 

734 

.0596 

1  1 

635 

.0515 

12 

609 

.0494 

13 

446 

.0362 

14 

265 

.0215 

15 

152 

.0123 

-Channel  values  were  read 

from  the  Pulse  Height  Analyzer) 

-  Normalizing 

factor  was  8. 

1 13  4E-05 

-Beam  current 

=  4.0E-08  Amps 

J 

TABLE  IV 

Tabular  Data  for  Figure  3.2 


Degree 

Channel 

Normalized  Val 

1 

219 

.0244 

2 

114 

.0127 

3 

198 

.  0221 

4 

284 

.0317 

5 

556 

.  0620 

6 

694 

.  0774 

7 

772 

.0861 

8 

786 

.0877 

9 

572 

.  0638 

10 

393 

.0438 

1 1 

304 

.0339 

12 

193 

.0215 

13 

190 

.0212 

14 

64 

.0071 

15 

0 

.0000 

-Channel  values 

were  read  from  Pulse 

Height  Analyzer 

-Normalizing  factor  was  1.1158E-04 
-Beam  current  =  4.0E-08  imps 
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TABLE  V 

• 

Tabular  Data 

for  Figure 

3.3 

Degree 

Channel 

Normalized  Value 

1 

117 

.0837 

2 

0 

.0000 

3 

75 

.  0537 

4 

207 

.  1481 

5 

431 

.  3083 

6 

565 

.4042 

7 

623 

.4457 

8 

590 

.4221 

9 

556 

.3978 

10 

442 

.3162 

11 

344 

.2461 

12 

262 

.  1874 

13 

210 

.1502 

14 

111 

.0794 

15 

109 

.0780 

^Channel  values  were  read 

from  Pulse 

Height  Analyzer 

-normalizing 

Pactcr  vas  3. 

9502E-04 

-Beam  current 

=  4.0E-08  Amps 

TiBLB  VI 

Tabular  Data  for  Figure  3.4 


Degree 

Channel 

Normalized 

1 

117 

.0290 

2 

0 

.0000 

3 

75 

.0186 

4 

207 

.  0513 

5 

431 

.1069 

6 

565 

.  1401 

7 

623 

.  1545 

8 

590 

.  1463 

9 

556 

.1379 

10 

442 

.  1096 

1  ! 

344 

.0853 

12 

262 

.0650 

13 

210 

.0521 

14 

111 

.0  275 

15 

109 

.0270 

-Channel  Values  were  read  froa  the  Pulse  Height  Analyzer 
-Normalizing  factor  was  2.48E-04 
-Bean  current  *  4.0E-08  laps 
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TABLE  YII 

Tabular  Data  for  Figure  3.5 


Degree 

Channel 

Normalized 

1 

101 

.0190 

2 

96 

.  0  180 

3 

188 

.0353 

4 

434 

.0815 

5 

575 

.1080 

6 

864 

.  1623 

7 

828 

.1555 

8 

752 

.1413 

9 

610 

.1146 

to 

734 

.  1379 

1 1 

635 

.  1193 

12 

609 

.  1144 

13 

446 

.0838 

14 

265 

.0498 

15 

152 

.0286 

-Channel  values  were  read  from  the  Pulse  Height  Analyzer 
-Normalizing  factor  was  1.878E-Q4 
-Beam  current  *  4.0E-08  Amps 
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